In the United States alone, the number of persons living with the enduring consequences of traumatic brain injuries is estimated to be between 3.2 and 5 million. This number does not include individuals serving in the United States military or seeking care at Veterans Affairs hospitals. The importance of understanding the neurobiological consequences of mild traumatic brain injury (mTBI) has increased with the return of veterans from conflicts overseas, many of who have suffered this type of brain injury. However, identifying the neuroanatomical regions most affected by mTBI continues to prove challenging. The aim of this study was to assess the use of mean cortical curvature as a potential indicator of progressive tissue loss in a cross-sectional sample of 54 veterans with mTBI compared to 31 controls evaluated with MRI. It was hypothesized that mean cortical curvature would be increased in veterans with mTBI, relative to controls, due in part to cortical restructuring related to tissue volume loss. Mean cortical curvature was assessed in 60 bilateral regions (31 sulcal, 29 gyral). Of the 120 regions investigated, nearly 50% demonstrated significantly increased mean cortical curvature in mTBI relative to controls with 25% remaining significant following multiple comparison correction (all, pFDR b .05). These differences were most prominent in deep gray matter regions of the cortex. Additionally, significant relationships were found between mean cortical curvature and gray and white matter volumes (all, p b .05). These findings suggest potentially unique patterns of atrophy by region and indicate that changes in brain microstructure due to mTBI are sensitive to measures of mean curvature.
Introduction
The number of persons living with the enduring consequences of traumatic brain injuries (TBI) is estimated to be between 3.2 and 5 million people in the United States alone (Coronado et al., 2012) . In 2010, the Centers for Disease Control and Prevention estimated that 2.5 million emergency department visits were TBI related (Centers for Disease Control and Prevention, 2014) . However, individuals serving in the United States military or seeking care at Veterans Affairs hospitals are not accounted for in those estimates suggesting the true incidence of TBI is widely underestimated (Centers for Disease Control and Prevention, 2014) . With the recent return of veterans from conflicts overseas, increasing pressure is being placed on the medical community to better understand the neurobiological consequences of mild traumatic brain injury (mTBI). However, identifying the regions of the brain most affected by mTBI continues to prove challenging due primarily to the heterogeneous nature of these injuries (Irimia et al., 2014) and diagnostic complexities (Buck, 2011; Shenton et al., 2012; Amyot et al., 2015) . Cortical contusions, which involve gray matter and contiguous subcortical white matter, and diffuse axonal injury are two of the most common types of nonpenetrating TBI, which often result in focal damage to the inferior, lateral and anterior aspects of the frontal and temporal lobes and at the gray-white matter junction respectively (Osborn, 2010) . Additionally, rapid acceleration or deceleration can lead to focal shear injuries, which are caused by rotational forces, shear, and/or strain on the axon typically at the gray-white matter junction (Bigler, 2001) . It has also been suggested that sulcal regions may be biomechanically vulnerable to the dynamic forces associated with the injury which may explain why neurofibrillary tangles are often associated with sulci in chronic traumatic encephalopathy (Smith et al., 2013) . Furthermore, recent evidence suggests that tissue pathology related to TBI can be progressive and chronic (Ding et al., 2008; Cole et al., 2015) .
Numerous neuroimaging techniques have been used to investigate changes to brain integrity related to TBI including structural magnetic resonance imaging (MRI), functional MRI (fMRI), diffusion tensor imaging (DTI), magnetoencephalography, positron emission tomography, and macromolecular proton fraction (Huang et al., 2009; Bigler et al., 2010; Yurgelun-Todd et al., 2011; Lopez-Larson et al., 2013; Han et al., 2014; Petrie et al., 2014) . Despite the many limitations inherent in studying TBI, progress has been made as emerging technologies allow for novel uses of neuroimaging data to study the effects of TBI. For example, Palacios et al. (2013) examined the contrast between gray and white matter signal intensities between 26 subjects with traumatic axonal injury and 22 controls. They found a pattern of white matter/gray matter contrast reduction in widespread regions of the brain in the TBI group relative to controls. Functional connectivity, a measure of voxel to voxel synchrony based on BOLD fMRI signal, is more frequently being applied to investigate the neuropathology associated with mTBI. Recent advances with this approach are highlighted in Mayer et al. (2015) in a review of the current state of research related to fMRI findings in mTBI populations. In one recent example, Iraji et al. (2015) measured functional connectivity in 358 dense individualized common connectivity based cortical landmarks in 16 mTBI patients compared to 24 controls and found regions of functional hyperconnectivity in the mTBI group. The authors suggest that mTBI may result in connectomescale brain network connectivity changes resulting in hyper-activation to compensate for the physiological disturbance. Maudsley et al. (2015) used magnetic resonance diffusion and spectroscopy measures to investigate altered metabolism and axonal injury in 40 subjects with a range of TBI severities compared to controls. They found widespread alteration of tissue metabolites in the TBI group relative to controls characterized primarily by increased choline in the cerebellum and cerebrum. A between-group voxel-based analysis using DTI measures revealed few regions with altered fractional anisotropy or mean diffusivity in the TBI group compared to controls. In another example, Trivedi et al. (2007) used SIENA, a package included in the FSL imaging suite, to investigate longitudinal changes to global brain volumes in 37 patients with mild to severe TBI scanned on average of 79 and 409 days post-injury. Longitudinal data from the TBI group were also compared to a control group scanned approximately 6 months apart. Significantly greater percent brain volume change was reported in the TBI group relative to controls. Greater percent brain volume changes were also associated with a longer post-injury coma durations suggesting a relationship between TBI severity and cerebral atrophy. Despite the wide range of TBI severities, many recent neuroimaging studies have begun to focus on mTBI as it is one of the most common types of head injury as well as one of the most difficult to diagnose (Amyot et al., 2015) .
As the technology and methods associated with MR acquisition and processing advance, so does the ability to detect finer microstructural alterations to the cortex. Recent advances in the reconstruction of the cortex allow for separate calculation of mean cortical curvature in brain's gyri and sulci. Curvature provides a function of how a point on the surface of the cortex is embedded in space. Mean cortical curvature is made up of the average of principal curvatures derived from the inverse of the radius of the osculating circles at each point on the surface on the gray-white matter junction. Thus, mean cortical curvature values provide a quantitative illustration of the folding of the cortex with convex areas indicating gyral regions and concave areas designating sulcal regions. Increased mean curvature denotes areas with sharper cortical folds than regions with decreased mean curvature. As such, increased cortical curvature in gyri leads to a more "pointed" or "peaked" appearance while increased cortical curvature in sulci indicates a sharper downward trajectory.
It has been suggested that increased cortical curvature may be a biomarker for white matter atrophy (Deppe et al., 2014) . Furthermore, cortical curvature has been used to investigate sex differences in gyrification (Luders et al., 2006) and changes to cortical morphology as part of normal cortical development and aging (Pienaar et al., 2008; Operto et al., 2012; Wang et al., 2014) . Cortical curvature has also been measured to study cortical malformations and/or atrophy related to developmental (Schaer et al., 2008) , neurodegenerative (Im et al., 2008) , neurological (Ronan et al., 2011; Deppe et al., 2014) , and psychiatric disorders (Ronan et al., 2012) .
The aim of the current study was to evaluate the use of extrinsic mean cortical curvature as a potential indicator of progressive tissue loss in a cross-sectional sample of veterans with mTBI as compared to controls. It was hypothesized that mean cortical curvature would be increased in veterans with mTBI, relative to controls, due in part to cortical restructuring related to tissue volume loss and that this increase in curvature would be more robust in deeper regions (sulci) of the cortex as opposed to more superficial regions (gyri). Furthermore, it was predicted that increases in mean cortical curvature would be associated with irregularities in both gray and white matter volumes.
Methods and materials

Subjects
The Institutional Review Boards at the University of Utah and the George E. Whalen Department of Veterans Affairs (VA) Medical Center approved this study. All subjects provided written informed consent prior to study participation. A total of 62 males with mTBI and 40 male controls were recruited from the George E. Whalen VA Medical Center and the community via local advertisements and by word of mouth. Inclusion criteria for all participants in this analysis were: ages 18-55 years old. The Ohio State University-TBI Identification Method (OSU-TBI) was used to determine presence, number, and severity of lifetime TBI injuries (Corrigan and Bogner, 2007) . Participants were considered to have a mTBI if they reported an injury event to the head followed by an alteration or loss of consciousness (LOC) (Belanger et al., 2009) . Mild brain injury events were defined as a LOC for 30 min or less. Only participants with mTBI that occurred after the age of 12 were considered for inclusion in this study.
Control comparison participants were required to be free from having a current major DSM-IV Axis I diagnosis based on clinical interviews. Exclusion criteria for all subjects included major sensorimotor handicaps (e.g., deafness, blindness, paralysis), estimated full scale IQ b 80, history of claustrophobia, autism, schizophrenia, anorexia nervosa or bulimia, active medical or neurological disease other than mTBI that would impact neurobiology or brain function, history of electroconvulsive therapy; and metal fragments or implants that would be contraindicated in an MRI.
All participants, including controls, completed the Structured Clinical Interview for DSM-IV Patient Version (SCID-I/P) (First et al., 1996) administered by trained clinicians. Diagnoses of mTBI and any DSM-IV diagnosis/diagnoses were confirmed via clinician consensus. The DSM-IV-TR Global Assessment of Functioning (GAF) (American Psychiatric Association, 2000) was used to subjectively rate occupational, social, and psychological functioning on a scale of 1 (worst) to 100 (best).
Data acquisition and processing
MRI data acquisition
Acquisition of imaging data was performed at the Utah Center for Advanced Imaging Research (UCAIR) using a 3.0-T Siemens Trio scanner. Structural data was acquired using a T1-weighted 3D MPRAGE GRAPPA sequence acquired sagittally using a 12-channel head coil with TE/TR/TI = 3.38 ms/2.0 s/1.1 s, 8°flip, 256 × 256 acquisition matrix, 256 mm 2 FOV, 160 slices, 1.0 mm slice thickness. Original images were transferred from the scanner in DICOM format and coded. Participants' MRI scans were reviewed by a board-certified CAQ neuroradiologist to rule out gross pathology.
MRI data processing
The FreeSurfer imaging analysis environment (v5.3.0), which is documented and freely available for download (http://surfer.nmr.mgh. harvard.edu/), was used to assess the integrated rectified mean curvature of the cortex and as well as brain volumes. A detailed description of the morphometric procedures used in the FreeSurfer pipeline can be found on the FreeSurfer website. Briefly, images were motion corrected, followed by the removal of non-brain tissue using a hybrid watershed/surface deformation procedure (Segonne et al., 2004) , automated transformation to Talairach space, deep gray matter and Fig. 2 . Rendition of mean cortical curvature as it appears on an inflated surface (A), the pial surface (B), and the white matter surface (C). Curvature in sulcal regions is displayed in green while curvature in gyral regions is displayed in red. subcortical white matter segmentations (Fischl et al., 2002 (Fischl et al., , 2004a , intensity normalization (Sled et al., 1998) , tessellation of the white and gray matter boundary, automated topology correction (Fischl et al., 2001; Segonne et al., 2007) , and surface deformation following intensity gradients leading to border placement of gray/cerebrospinal fluid and gray/white at the location where there is the greatest intensity shift thereby defining tissue class transition (Dale and Sereno, 1993; Dale et al., 1999; Fischl and Dale, 2000) . Quality control was performed by a trained operator (JBK) throughout MRI processing within the FreeSurfer environment via manual visual inspection of the output for each subject to ensure proper integrity. No subjects included in this study required any manual edits to surface topology.
MRI data segmentation
Mean cortical curvature is made up of the average of principal curvatures derived from the inverse of the radius of the osculating circles at each point on the surface on the gray-white matter junction (see Figs. 1 and 2 ). Mean cortical curvature values were derived from the Destrieux cortical atlas (Destrieux et al., 2010) . The Destrieux atlas includes cortical parcellation data constructed by first segmenting the cortex into gyral and sulcal regions based on average convexity and then mean curvature of the surface. Additionally, a Bayesian maximum a posteriori model was used to integrate observed surface geometry and the atlas function. The cortex is then further divided into 74 structures in each hemisphere using a manually parcellated healthy human brain template (Fischl et al., 2004b) . Only parcellations that were distinctly sulcal or gyral were considered for inclusion in this study resulting in 60 bilateral regions (31 sulcal, 29 gyral). Subcortical parcellation volumetric data, including cerebral white matter and gray volumes, were derived from a technique involving multiple local feature-based statistical classifications that account for individual anatomical variability (Fischl et al., 2002) . Lobular gray matter volumes were also extracted for analysis where frontal, parietal, temporal, occipital, cingulate, and insular lobes were based on the Desikan-Killiany atlas (Desikan et al., 2006) . Mean cortical curvature values for each lobe were also evaluated.
Statistical analyses
Statistical analyses were completed using SPSS software (version 23) for Mac OS X. Subject data were normalized in order to meet assumptions for statistical analyses by converting mean cortical curvature data for all 120 regions into z-scores and then removing subjects with values greater than or equal to an absolute value of 3.5 (Guadalupe et al., 2015) . Two-sample t-tests were used to compare age and clinical differences between groups. Total white, gray, and lobular gray matter volumes were adjusted for whole brain volume in order to account for individual volumetric differences and then compared between groups using univariate analyses while controlling for age. As this study's a priori hypothesis predicted the directionality of mean cortical curvature group differences, one-tailed values were used for regional and lobular mean cortical curvature group comparisons. Correction for multiple comparisons was performed on the 120 regional analyses using Benjamini and Hochberg's method for false discovery rate (FDR) detection (Benjamini and Hochberg, 1995) in MATLAB (version MATLAB_R2015a; MathWorks, Natick, MA).
To examine the possible relationship between mean cortical curvature and brain volumes, post hoc Pearson correlation coefficients were performed with whole brain adjusted white and gray matter volumes in each hemisphere for regions indicating significant differences in the mean curvature analysis in the mTBI group. Given the recruitment strategy employed in the current study, clinical characteristics at time of injury or immediately post-injury were not available. Furthermore, individuals with mTBI often report few if any symptoms, thus measures such as the Glasgow Severity Scale do not capture the sequelae of the injury. In the current study, incident related variables, including age at first injury and time elapsed since injury, were evaluated for potential associations with mean cortical curvature and volumes using Pearson's correlation coefficients. Finally, post hoc univariate analyses were used to test for effects of age on between group analyses of mean cortical curvature.
Results
Demographics comparison between mTBI and control groups
Fifty-four veterans with mTBI and 31 controls subjects remained following data normalization, which consisted of removing subjects with mean curvature z-scores greater than or equal to an absolute value of 3.5 (Guadalupe et al., 2015) . Age distributions were similar between diagnostic groups (see Table 1 ). The mTBI group had significantly lower GAF scores compared to controls. Of the veteran mTBI sample, 40 had a current or past history of a psychiatric disorder. 
Between-group morphometric analyses results
Of the 120 regions investigated, the mTBI group demonstrated increased mean cortical curvature in 115 regions relative to controls. Prior to multiple comparison correction, 58 of the 120 regions were significantly increased in mTBI compared to controls with 30 of those regions surviving FDR correction (all, pFDR b .05). Put another way, nearly 50% of the regions investigated demonstrated significantly increased mean cortical curvature in mTBI relative to controls with 25% remaining significant following multiple comparison correction. The 30 regions surviving multiple comparison correction were equally split between hemispheres with 12 in gyral regions and 18 in sulcal regions (see Table 2 and Fig. 3 ). Four regions were found to have significantly increased mean cortical curvature in the mTBI group bilaterally. No regions indicated significantly increased mean curvature in the control group relative to mTBI. The right cingulate marginalis turned out to be significant (pFDR = .036) when controlling for age while the left precentral gyrus and the left superior part of the circular insular sulcus were no longer significant. Extracting an average mean cortical curvature value for each of the six lobes in both the left and right hemisphere revealed a significant increase in mean cortical curvature in the bilateral frontal (p ≤ .001), parietal (p ≤ .01), temporal (p ≤ .01), occipital (p ≤ .01), and cingulate (p b .05) lobes as well as the right insular lobe (p = .017). All lobular mean curvature analyses remained significant when controlling for effects of age. Total brain volumes were reduced in mTBI compared to controls, however not significantly. Additionally, no significant between group differences were found for left, right, or total gray or white matter volumes. When comparing lobular gray matter volumes between groups, no significant differences were found between left and right frontal, parietal, temporal, occipital, cingulate, and insular lobes.
Correlations between mean cortical curvature and brain volumes
Nine of the 30 identified regions demonstrating significantly increased mean cortical curvature in mTBI compared to controls were found to significantly correlate with white matter volumes (1 gyral, 8 sulcal) (see Table 3 and Fig. 4) . Six regions were found to significantly correlate with gray matter volumes (1 gyral, 5 sulcal). Four sulcal regions were significantly correlated with both white and gray matter volumes. Interestingly, correlations with white matter in gyral regions were negative while correlations with sulcal regions were positive. Conversely, correlations with gray matter in gyral regions were positive while the sulcal region demonstrated a negative correlation. Fig. 3 . Representation of regions demonstrating increased mean cortical curvature in mTBI compared to controls.
Investigating the relationship between select subject variables and mean cortical curvature revealed a significant positive correlation between age of first mTBI injury and mean curvature in the left hemisphere middle occipital gyrus, left superior and transverse occipital sulcus, left orbital sulcus, right hemisphere intermedius primus of Jensen sulcus, and right superior and transverse occipital sulcus (see Table 4 and Fig. 5 ). After controlling for the effects of age of first injury, the time since the most recent mTBI was positively correlated with mean cortical curvature in the left inferior temporal sulcus, right superior frontal gyrus, and right superior frontal sulcus.
Discussion
As hypothesized, extensive regions of the cortex were identified that exhibited significantly increased mean cortical curvature at the graywhite matter junction in a sample of veterans with mTBI compared to controls. These differences were more prominent in sulcal regions of the cortex as opposed to gyral regions. Furthermore, gray and white matter volumes were differentially associated with increasing mean cortical curvature in gyral and sulcal regions. These findings suggest that alterations to cytoarchitecture during the chronic phase of mTBI can be assessed using measures of mean cortical curvature via regionally specific increases. Further, these findings support the idea that unique patterns of gray and white matter atrophy vary across the cortex and deeper regions of the cortex may be more adversely affected by mTBI.
Similarities to and departures from prior literature
The current study found increased mean cortical curvature in both sulcal and gyral regions that were related to changes in white and gray matter volumes in mTBI and is the first study to assess the relationship between mean cortical curvature and TBI compared to controls. However, Irimia et al. (2012) included mean cortical curvature as one of five representative statistics used to create patient-tailored connectomics geared toward assessing white matter atrophy. While their design was detailed 3 male adults with mild to severe TBI, many of the regions they identified as having been impacted by TBI are shared with the population of this study including the angular gyrus, Jensen's sulcus, superior temporal sulcus, and supramarginal gyrus. Similar to Irimia et al., the current study tested for effects across multiple regions of the cortex. Due to the heterogeneous nature inherent in TBI cohorts and the difficulties in detecting diminutive changes related to more mild injuries, it may prove valuable to explore several distinct regions of the cortex in addition to subcortical and whole brain analyses. For example, Zhou et al. (2013) conducted a longitudinal analysis on 28 subjects with TBI that assessed gyral and sulcal cortical gray matter, whole brain, subcortical, and white matter volumes near the time of injury and again approximately one-year post-injury. Regions indicating a significant difference in the longitudinal analysis were also compared to a sample of 22 controls in a cross-sectional analysis. The longitudinal analysis revealed significant white matter volume loss in regionally specific regions including bilateral anterior cingulate white matter volumes, left cingulate gyrus isthmus white matter, right inferior and medial orbital olfactory gray matter volumes, and right precuneus volume. All regions identified at the one-year follow up except the right inferior gray matter volume were also significantly reduced in TBI compared to controls. Warner et al. (2010) also assessed longitudinal changes in global and regional brain volumes. Their study included 25 subjects with diffuse traumatic axonal injury and 22 age-and sex-matched controls. When comparing initial and follow-up scans, they found substantial global atrophy, decreased volume in many subcortical gray matter regions, and atrophy in 13 cortical regions out of 62 assessed. Reporting on the wide range neuroimaging results related to TBI that support global and regionally specific atrophy in TBI is outside the scope of this report; however, a recent review by Bigler (Bigler, 2013a ) presents a comprehensive summary. Briefly, TBI frequently results in cerebral atrophy often impacting frontotemporolimbic regions. Injuries are often more disruptive to white matter neural connectivity. Additionally, TBI may demonstrate degenerative effects over time, which could predispose individuals to the development of other neurodegenerative and neuropsychiatric disorders (Bigler, 2013b) .
Mean cortical curvature is an effective measurement of change
As previously mentioned, this study is the first to focus on how mTBI impacts mean cortical curvature compared to controls. However, mean cortical curvature has been used as a metric of change in a number of other study populations. For example, previous work conducted by Magnotta et al. (1999) suggested a model of atrophy associated with aging that includes increasing curvature in gyral regions and decreasing curvature in sulcal regions. They suggest that this pattern may best reflect age associated atrophic changes. While their model may appear to be in conflict with the current study's hypothesis of increased Fig. 4 . Correlations between mean cortical curvature and white and gray matter volumes adjusted for total brain volume. curvature in sulcal regions, it is important to note that the main findings in the study by Magnotta et al. included curvature values averaged across all sulcal and gyral regions and were measured in healthy controls. The current study assessed curvature in distinct cortical regions. Furthermore, it has been suggested that brain volume loss associated with normal aging can be accelerated in instances of TBI (Bigler, 2013b) . Findings from this investigation demonstrate a positive relationship between the time since the most recent TBI and mean cortical curvature as well as a positive relationship between subject age at the time of first injury and mean cortical curvature. These findings may point to an accelerated rate at which cortical curvature values increase over time due to injury. Mean cortical curvature has also been investigated in psychiatric populations. For instance, White et al. (2003) found significantly increased curvature in gyral regions and flattened curvature in sulcal regions in patients with childhood-and adolescent-onset schizophrenia compared to healthy controls. Curvature was also used to assess sulcal morphology changes related to cortical thickness and gyral white matter volume in mild cognitive impairment and Alzheimer's disease (Im et al., 2008) . Their study found lower average mean curvature in sulcal regions that was associated with disease progression from controls to mild cognitive impairment to Alzheimer's disease. This change in sulcal shape was also associated with decreases in cortical thickness and gyral white matter volume. Studies investigating the effects of neurological disorders have also turned to cortical curvature to assess atrophy. Deppe et al. (2014) investigated the relationship between whole-brain surface-averaged rectified cortical extrinsic curvature, white matter volumes, and surface area in patients with multiple sclerosis, Alzheimer's disease, clinically isolated syndrome, and healthy controls. They hypothesized that increases in mean curvature would be associated with white matter volume decreases while surface area would remain unchanged. They found increased curvature was highly correlated with reduction in white matter volumes in the clinically isolated and multiple sclerosis groups while no systemic curvature increases were observed in the Alzheimer's group.
Cytoarchitecture adaptation involves gray and white matter restructuring
Increases in mean cortical curvature located at the gray-white matter boundary could be attributed to volume loss associated with underlying neuronal death and reduced white matter integrity. Alone, increases in mean cortical curvature values may not be enough to support this idea. However, data from the current study provide evidence that restructuring of cytoarchitecture may be taking place during the chronic period of mTBI. For example, increasing white matter volume in sulcal regions was associated with increasing mean cortical curvature. This could indicate a sharpening of the sulcus due in part to the reorganization of white matter into areas normally occupied by gray matter. This idea of sulcal sharpening is further supported by negative correlations found in some of the same sulcal regions where increasing curvature was associated with decreasing gray matter volumes. The relationships between gray and white matter volumes and mean cortical curvature were reversed in gyral regions. However, only two regions demonstrated significant correlations leaving a question as to whether gyral sharpening may be due solely to white matter atrophy. Nonetheless, due to the diffuse nature of the increases in mean cortical curvature in gyral regions found in this study, it is conceivable that white matter atrophy is also involved.
Limitations
Some of the more challenging difficulties associated with interpreting TBI research include the presence of premorbid conditions, the heterogeneous nature of the injury, and functional outcomes. In the current study sample, limited self-report information is available regarding the acute symptoms of mTBI and diagnoses were not verified by chart review. However many individuals reported they did not seek medical care at the time of the incident. Reliance on self-report of events that may have been impacted by the injury itself is problematic, nevertheless documentation of traumatic events by chart reviews in veterans can also prove challenging as many traumatic events may go unreported (Buck, 2011) . Many subjects reported blast related injuries; however, no detailed information was available regarding the direction of, force of, or distance from the blast. It is noteworthy, therefore, that in the current study sample increased mean cortical curvature was found to be widespread throughout the cortex. This study found a relationship between two injury related variables and mean cortical curvature. Future studies should include additional metrics of injury severity to be investigated for possible relationships to mean cortical curvature variances. Furthermore, it has been demonstrated that a number of psychiatric disorders may impact mean cortical curvature and/or brain volumes (Im et al., 2008; van Tol et al., 2010; Ronan et al., 2011 Ronan et al., , 2012 Lopez-Larson et al., 2012) . No significant mean cortical curvature differences were found in the mTBI group between veterans with and without any or all psychiatric comorbidities Fig. 5 . Correlations between mean cortical curvature and select subject variables (*adjusted for age at first injury). (mild depressive disorder, posttraumatic stress disorder, or substance use disorder). Despite this, these variables might impact the measures in ways not identified in the current study. Finally, as this study was structured using a cross-sectional design, caution needs to be used when interpreting results, as this type of study structure may include possible confounding factors not included in analysis. Future studies investigating the relationship between mean cortical curvature in TBI cohorts should incorporate a longitudinal design.
Conclusions
This study found widespread significant increases in mean cortical curvature in a sample of veterans with mTBI relative to controls. These differences were most prominent in deep gray matter regions of the cortex. Additionally, positive correlations were observed between cortical white matter volumes in sulcal regions whereas negative correlations were found between gray matter volumes in some of the same sulcal regions. Converse relationships between mean cortical curvature and gray and white matter volumes were found in gyral regions. These findings suggest potentially unique patterns of atrophy by region and indicate that changes in brain microstructure due to mTBI are sensitive to measures of mean curvature.
